The physicochemical characteristics, antioxidant properties and botanical discrimination according to the organic acid content in Malaysian stingless bee honey were investigated. The results showed that the botanical origin and bee species significantly influenced the physicochemical characteristics and antioxidant properties of stingless bee honey. Principle component analysis (PCA) revealed that stingless bee honey was differentiable from Apis mellifera honey by acetic, citric, D-malic and tartaric. Starfruit could be distinguished from gelam and acacia honeys by lactic. Whereas the gluconic and succinic acids were confirmed as a marker to discriminate honey samples from Heterotrigona itama and Geniotrigona thoracica species.
Introduction
Over 500 species of stingless bee (Apidae:Hymenoptera:Meliponini) can be found in tropical and subtropical regions throughout the world, like in Australia, South America, Africa and Malaysia. Only two genera, Melipona and Trigona, are commonly domesticated worldwide. [1] In Malaysia, 33 species of stingless bee, known locally as kelulut, have been documented. [2] Only two species have been reared commercially to produced honey, namely, Heterotrigona itama and Geniotrigona thoracica (Figure 1 ). Of these, Heterotrigona itama is the most abundant species domesticated by beekeepers since log hives of Heterotrigona itama can be more easily found than those of Geniotrigona thoracica in Malaysian forests. Both species are different in their colour and size. The average body size of Heterotrigona itama was 4.7 ± 1.55 mm whilst Geniotrigona thoracica was 7.44 ± 2.05 mm. Heterotrigona itama are black in colour with grey wings while on the contrary, Geniotrigona thoracica are brown in colour with dark brown wings and white tips at the apex of the wings. [3] Like honeybee honey, stingless bee honey is formed from the nectar of flowers or plant saps or plant-sucking insect excretions. [4] Honey is a complex substance that contains at least 200 compounds. [5] In general, stingless bee honey has a higher moisture content, water activity, ash content and free acidity than honeybee honey, and its pH and total soluble solid content are typically lower. [6] In addition to those components, proteins, amino acids, enzymes, organic acids, mineral elements and vitamins are also present in honey but only in small amounts. [7] The presence of specific constituents in the honey depends on several factors such as floral source, bee species, geographical origin, weather, harvesting season, processing method and storage conditions. [8, 9] Honey produced by different species of stingless bees have different qualities. Generally, several parameters such as moisture content, pH, free acidity, organic acids content and 5-hydroxymethylfurfural (5-HMF) content are used to evaluate the quality of honey. [10] Numerous studies have been done on the physicochemical properties of stingless bee honeys from around the world, such as those from Venezuela [11] , Thailand [12] and Mexico. [13] It was reported that the antioxidant activity of stingless bee honey was three-times higher than that of raw honeybee honey and four-times higher than that of processed honeybee honey. [14] Honey comprises various compounds that can act as antioxidants. Thus, the antioxidant capacity in honey is attributed to the synergistic effect of a wide range of compounds including phenolics, flavonoids, products of the Maillard reaction, enzymes, organic acids and other minor compounds. [15] The antioxidant activity of honeys has been reported to have a correlation with phenolics, flavonoids, products of the Maillard reaction, ascorbic acid, organic acids, enzymes, carotenoids, amino acids, proteins and mineral content. [16] [17] [18] Honey has often been reported to have potential antioxidant activity, which is beneficial for human health. [19] Antioxidant activity is generally attributed to the ability of antioxidant compounds to donate electrons, scavenge free radicals, and chelate transition metal ions. [20] There is limited publication available on Malaysian stingless bee honey. [21] [22] [23] Most of the publications reported are on the physicochemical and antioxidant properties. However, there is no information on organic acids of Malaysian stingless bee honey. Since stingless bee honey is a new industry in Malaysia, it is important to get as much as information of this honey. Furthermore, to the best of our knowledge, there are only limited publications on the organic acids contents of stingless bee honeys. [24, 25] It is reported that organic acids as a useful marker to determine honey botanical and geographical origins. [26, 27] For instance, 2-Methoxybutanedioic acid (o-methylmalic acid) and 4-hydroxy-3-methyl-trans-2-pentenedioic acid are reported as floral markers for New Zealand rewarewa honey. [28] Erica sp. honeys could be distinguished by their high quinic acid content, Quercus sp. honeys have low pyruvic acid contents and high malic and succinic acid contents and Thymus sp. honeys have high citric acid contents. [27] Honey from different botanical and geographical origins can be distinguished based on the compositional data of honey volatile compounds, phenolic acids, flavonoids, carbohydrates, amino acids and some other constituents. [29] Currently, the multivariate analysis used as a method to classify honey from different origins. Therefore, the objectives of this study were (1) to evaluate the influence of botanical origins and bee species on physicochemical and antioxidant properties of stingless bee honey and (2) to discriminate honey samples according to their botanical origins and bee species based on the organic acids content. Discrimination of honey could help to identify the honey origin and quality. 
Materials and methods

Standards and chemicals
Honey samples
Honey samples were obtained from three stingless bee farms from each of the three-main honeyproducing states in Malaysia, namely, Terengganu, Pahang and Johor ( Figure 2 ). The samples were harvested during the nectar flow season in August 2016. The obtained honey samples were from different floral origins, namely, acacia (Acacia mangium), gelam (Meleleucacajaputi) and starfruit (Averrhoa carambola L) ( Table 1 ). The honey samples were harvested from hives placed in the farm of their respective floral origins. Honeybee honey (Apis mellifera) from acacia was used for comparison in this study. All samples were collected using an electric vacuum pump (Rocker 300, Kaohsiung, Taiwan). The samples were stored in airtight plastic containers and kept at 4 ± 2°C until analysis. [30] Analytical procedures
All physicochemical analyses (moisture content, water activity, pH, free acidity, total soluble solids (TSS), ash content, colour characteristics, sugar content, 5-hydroxymethyl furfural (HMF), organic acids and antioxidant properties (total phenolic contents (TPC), total flavonoids content (TFC), antiradical scavenging activity (IC 50 ) and reducing power activity (FRAP)) were conducted for all honey samples. All analyses were done in three replications.
Physicochemical analyses
Moisture content
The moisture content of honey samples was measured according to AOAC official method 969.38. [31] Honey (2 g) was weighted in crucible dish (previously heated in an oven at 110ºC and cooled in a desiccator until it reached room temperature) and placed in a vacuum oven at 60 ± 2ºC under pressure ≤50 mm Hg for 6 h. The weight of crucible dish before and after drying was recorded. The moisture content is calculated using Equation (1) .
where A and a referred to the weight of crucible dish before and after drying; B and b referred to the weight of honey before and after drying.
Water activity (a w )
Water activity was determined at 25°C using an AQUA LAB Series 3 water activity meter (North East Nelson Court, Pullman, WA). [32] The equipment was calibrated with saturated salt solutions in the a w range of interest. A pure honey sample was used to determine the water activity. Three replicates were performed for each honey sample and the average was reported.
Total soluble solid (TSS)
Total soluble solid was measured at 25°C using digital refractometer (ATAGO, Tokyo, Japan). About 0.3 mL of honey was placed onto the prism surface and the reading was recorded as°Brix. [33] Ash content The ash contents were determined by using a method described by Colucci et al. (2016) [33] with a slight modification. A honey sample (2 g) was weighted in a pre-weighed crucible that had been heated in an electric furnace at 550°C for 1 h and cooled in a desiccator until it reaches room temperature. After that, two drops of olive oil were added, and the honey sample was heated (350-400°C) on a hot plate until all the honey had turned black, and then the sample was heated (550°C) in an electric furnace until it turns into white ash. Subsequently, the crucible with white ash was cooled in a desiccator until it reached room temperature and then weighed. The ash content is calculated using Equation (2) .
where a is the weight of the crucible with a sample, b is the weight of the empty crucible and c is the weight of the sample.
Colour characteristics
Colour characteristics were measured using the HunterLabUltraScan PRO spectrophotometer (Reston, Virginia), according to the CIELAB L*a*b* method [34] , with reference to illuminant D65 and a visual angle of 10º.
pH
The pH was determined using pH meter, MP220 Mettler Toledo (Schwarzenburg, Switzerland) according to AOAC official method 962.19. [31] A weight of 10 g of honey was dissolved in 75 mL of distilled water, stirred well using magnetic stirrer, and the reading from the pH meter was recorded.
Free acidity
The free acidity of honey was determined according to AOAC official method 962.19. [31] The pH meter was calibrated with the buffer solution of pH 4.00, 7.00 and 9.00. A weight of 10 g honey was dissolved in 75 mL distilled water (previously titrated with 0.1 M NaOH until the pH reached 8.50) and stirred well using magnetic stirrer. Then, pH of the solution was recorded using pH meter. Afterwards, honey solution was titrated with 0.1 M NaOH and the titration of NaOH was stopped at pH 8.50. The volume of NaOH used was recorded and subtracted with the volume of NaOH used in distilled water. The acidity was expressed as milliequivalents of acid per kg of honey.
Sugar content
The contents of fructose, glucose, sucrose and maltose in the honeys were determined by using highperformance liquid chromatography with a refractive index detector (HPLC-RI) as described by Silvano et al. (2014) [8] with a few modifications. An amino column (Luna® NH2 100 Å (250 mm × 4.6 mm × 5 µm) from Phenomenex Inc. (Torrance, CA, USA) was used to separate the sugars present in the honey sample. The temperature of the column was set at 40°C. An 80:20 mixtures of acetonitrile and water were used as the mobile phase, and the injection volume was 20 µL. The samples for analysis were prepared by mixing 0.5 g of honey with 10 mL of distilled water. The flow rate was 1 mL/min, and the eluate was monitored for 20 min. Each sugar was identified based on the retention time of pure standard. Calibration curves were constructed using five different concentrations of each sugar standard, and the sugar concentrations were calculated based on the equations obtained from the calibration curves. All analyses were performed triplicate. The results are expressed as gram sugar per 100 g of honey.
5-Hydroxymethyl-2-furfural
The method by Harmonised methods of international honey commission, HMIHC. [35] was used to determine the 5-HMF contents in the honey samples. In this method, the 5-HMF contents were analysed by using reversed-phase high-performance liquid chromatography (HPLC-RP). Prior to analysis, the honey samples were extracted using the liquid-liquid extraction technique recommended by Gokmen & Acar (1999). [36] A 1-g honey sample was dissolved in 5 mL of deionized water and mix thoroughly by using a vortex mixer for 5 min. Then, the honey solution was mixed with 10 mL of ethyl acetate and vigorously shaken using a vortex mixer for 1 min. The solution was left to separate, and two phases formed. The organic phase was collected, and this extraction process was repeated twice. The organic phases were combined and mix with 2 mL of 1.5% sodium carbonate solution by shaking for 1 min using a vortex mixer, after which the mixture was left to separate. Then, the aqueous phase was immediately extracted with 5 mL of ethyl acetate by shaking for 1 min using a vortex mixer. All organic phases (a total of 25 mL) were combined and mixed with approximately 3 g of anhydrous sodium sulphate to remove residual water. Subsequently, the dried extract was filtered through No. 1 Whatman filter paper (GE Healthcare, United Kingdom) to remove the remaining anhydrous sodium sulphate particles, and the filter cake was washed by 2 mL of ethyl acetate. The filtrate was evaporated to dryness under nitrogen gas. The HMF residue was promptly dissolved in 500 µL of water at pH 4.0.
The HMF solution was analysed by reversed-phase high-performance liquid chromatography (WATERS, Milford, USA) using a photodiode array detector (WATERS 2996, Milford, USA), and the injection volume was 20 µL. A reversed-phase column (Luna® C18(2) 100 Å (250 mm × 4.6 mm × 5 µm)) from Phenomenex Inc. (Torrance, CA, USA) was used. A combination of water:methanol (90:10) was employed as the mobile phase at a constant flow rate of 0.9 mL/min throughout the analysis (approximately 30 min). HMF was detected by comparing the retention time of the HMF in the sample with that of an HMF standard. The concentration of HMF in the sample was calculated using the equation obtained from a standard curve of HMF prepared from five solutions at different concentrations. All honey samples were injected in triplicate. The results are expressed as mg/kg honey.
Organic acids content
The contents of organic acids were analysed using an HPLC method [37] with some modifications. A honey sample (1 g) was dissolved in 10 mL of ultrapure water. The mixture was homogenized by using a vortex mixer. The pH of the honey solution was adjusted to approximately 10.50 by adding 0.1 M NaOH and then stirred for 15 min using a magnetic stirrer. This procedure was performed to ensure complete decomposition of D-glucano-ᵟ-lactone to D-gluconic acid and to improve the reproducibility of the organic acid migration time. After that, the pH was adjusted to approximately 5.00 using 0.1 M H 2 SO 4 . This step was applied to make sure organic acid exist in their non-ionic forms before further used in solid phase extraction (SPE). Then, the mixture was diluted with water up to 20 mL and shaken. Then, 10 mL of the dilute solution was filtered through a 0.45-µL cellulose acetate membrane. A solidphase extraction (SPE) procedure was used to extract the organic acids from the honey sample. An ion-exchange cartridge (Sep-Pak® Plus Waters Acce II TM Plus QMA, WATERS, Massachusetts, USA) was used, and the cartridge was activated with 10 mL of 0.1 M NaOH (the percolation rate was 3 mL/min). A 10-mL aliquot of honey solution was passed through the cartridge at a flow rate of 1 mL/min. Later, 10 mL of water was passed through the cartridge (3 mL/min). The organic acids were eluted with 4 mL of 0.1 M sulphuric acid (1 mL/min). The solution was kept at −20°C until analysis.
The solution of organic acids was analysed by reversed-phase high-performance liquid chromatography (WATERS, Milford, USA) with a photodiode array detector (WATERS 2996, Milford, USA), and the injection volume was 20 µL. A reversed-phase column (Spherisorb® ODS 2, (4.6 mm × 250 mm × 5 µm), WATERS, Milford, USA) was used. The organic acids were separated using acetonitrile spiked with metaphosphoric acid (pH 2.28) at a flow rate of 1 mL/min. Pure standards of nine organic acids (gluconic, tartaric, formic, acetic, citric, D-malic, succinic, lactic and fumaric) that are common in honey were used for comparison to identify the organic acids in the honey samples. The concentrations of the organic acids in the honey samples were calculated using the equations obtained from the standard curves of each organic acid standard. The LOD and LOQ values were calculated based on the 3.3*standard deviation of blank response/slope and 10*standard deviation of blank response/slope, respectively. [38] The LOD/LOQ values for gluconic acid was 0.06/0.17 g/ kg, tartaric acid was 0.003/0.01 g/kg, formic acid was 0.03/0.11 g/kg, D-malic acid was 0.03/ 0.08 g/kg, lactic acid was 0.01/0.03 g/kg and acetic acid was 0.01/0.03 g/kg, citric acid was 0.01/ 0.03 g/kg and succinic acid was 0.01/0.03 g/kg.
Analyses of the antioxidant properties
Total phenolic content (TPC)
The concentration of TPC compounds was estimated by using the Folin-Ciocalteu method [18] with slight modifications. The honey solution was prepared by adding 1 mg of honey (dry basis) to deionized water and vortex mixing the solution. Approximately 200 µL of the honey solution was mixed with 1000 µL of Folin-Ciocalteu (FC) reagent (dilution ratio of FC reagent, 1:10 v/v), and the mixture was left in the dark for 6 min. After that, 800 µL of 7.5% sodium carbonate solution was added, and the solution was shaken and left in the dark for 2 h to react. After that time, the absorbance was measured at 740 nm. The total phenolic content of each of the honey samples is expressed as gallic acid equivalent (GAE/100 g honey). A standard curve was constructed using a standard solution of gallic acid.
Total flavonoids content (TFC) TFC in each of the honey samples was measured using the spectrophotometric method described by Kamboj et al. (2013) . [34] Briefly, 1 g of honey (dry basis) was dissolved in deionized water, and 1 mL of the honey solution was mixed with 0.3 mL of 5% NaNO 2 solution and left to stand for 5 min before being combined with 0.3 mL of 10% AlCl 3 . The mixture was stirred for 6 min and then 2 mL of 1 M NaOH was added to neutralize the solution. The absorbance of each solution was read at 517 nm using a UV-VIS spectrophotometer. The total flavonoids contents are expressed in mg quercetin equivalent (QE)/100 g of honey. A standard curve was constructed using a standard solution of quercetin.
Antiradical scavenging activity (IC 50 ) IC 50 was estimated using the method reported by Meda et al. (2005) [39] with a slight modification. Briefly, a series of honey solutions at different concentrations were prepared by dissolving 100 mg of honey (dry basis) in methanol. Afterwards, 0.75 mL of each honey solution was mixed with 1.5 mL (0.02 mg/mL) of a methanolic solution of DPPH. The mixtures were stored protected from light for 15 min at room temperature. The absorbance of each solution was measured at 517 nm using a UV-VIS spectrophotometer. The data collected were used to construct a graph of concentration versus radical scavenging activity, RSA (%). RSA (%) is calculated using Equation (3).
where As is the absorbance of the sample solution and A DPPH is the absorbance of the DPPH solution. Each honey sample was analysed in five dilutions. The antiradical activity is expressed as IC 50 (concentration of honey solution needed to reduce the concentration of DPPH in the solution to 50% of its initial concentration). The concentration of honey sample requires to scavenge 50% of DPPH (IC 50 ) was determined from the plotted graph of scavenging activity against the honey dilutions.
Reducing antioxidant power activity (FRAP) FRAP of the honey samples was evaluated by using the method recommended by Khalil et al. (2011) [40] with some modifications. The honey solution was prepared by mixing approximately 100 mg of honey (dry basis) with deionized water, and then, 200 µL of the honey solution was mixed with 1.5 mL of FRAP reagent. After mixing, the solution was incubated in a water bath at 37°C for 4 min. Then, the absorbance was measured at 593 nm by using a UV-VIS spectrophotometer. Distilled water was used as the blank. The FRAP reagent was prepared as follows: 10 mL of 300 mM/L acetate buffer (pH 3.6) was mixed with 1 mL of 10 mmol 2,4,6-tris(1-pyridyl)-1,3,5-triazine (TPTZ) and 1 mL of 40 mM/L HCl containing 20 mM ferric chloride (FeCl 3 6H 2 O). This FRAP reagent solution must be prepared fresh and pre-warmed prior to use. The antioxidant capacity was determined by constructing a standard curve of ferrous sulphate (FeSO 4 7H 2 O) at 20, 40, 60, 80, and 100 µM/L. The FRAP value is expressed as micromoles of ferrous equivalent (µM Fe(II)) per kilogram of honey.
Statistical analysis
All determinations were carried out in three replications. The data were expressed as the mean ± standard deviation. The differences between species and botanical origin of the honey samples were analysed using the two-way ANOVA (MINITAB version 17, Sydney, Australia) followed by Fisher test at a significance level of p < 0.05. Possible correlations among total phenolics and flavonoids contents and the antioxidant capacity of honeys were investigated using Pearson's correlation coefficient (r) at a significant level of p < 0.05. Discrimination of honey samples from different botanical origins and bee species based on organic acids content were analysed using principle component analysis (PCA) (MINITAB version 17, Sydney, Australia). PCA is a powerful explorative tool for pattern recognition that attempts to explain the variance of a large set of variables.
Results and discussion
Physicochemical analyses
Moisture content
The moisture contents of honeys from Heterotrigona itama ranged from 19.49 to 26.28 g/100 g and from 21.32 to 33.93 g/100 g for honeys of Geniotrigona thoracica species (Table 2) . Acacia honeys from both species had significantly higher moisture contents than those from gelam and starfruit. For Heterotrigona itama, honeys with different floral origins shown significantly different (p < 0.05) water contents. However, the water content of gelam and starfruit honeys from Geniotrigona thoracica was not significantly different (p > 0.05).
The moisture content of honeys in this study was lower than those found for stingless bee honeys from Mexico, Guatemala and Venezuela (31.40 to 38.74 g/100 g) as reported by Patricia et al. (2016) . [41] The moisture content is greatly influenced by the floral source used by the stingless bee as well as by the harvesting season, maturation level in the honeypots, weather and environmental conditions. [42] The mean moisture content for the stingless bee honeys was significantly higher than that of Apis mellifera honey (14.74 g/100 g of honey). The difference in the moisture contents of Apis mellifera and stingless bee honey may be due to the different preferred food sources used by the stingless bee and honeybee to produce the honey. According to Suntiparapap et al. (2012) [43] , the honeybee has behaviour to vaporize their honey while stingless bee does not. That action can affect the moisture content of the resulting honey. Additionally, different floral behaviours and floral sources might be contributing to the different moisture content. High water contents will shorten the shelf life of the honey due to fermentation during storage. [44] Water activity The water activity ranged from 0.76 to 0.87 ( Table 2 ). Acacia honey from both stingless bee species had significantly (p < 0.05) higher water activity than other honey samples. All honey samples exhibited high water activity (greater than 0.6), which means stingless bee honeys are susceptible to fermentation. [45] Water activity is associated with the water content in honey. High water activity can promote microbial growth in the honey and caused unwanted fermentation. [45] According to Abramovic et al. (2008) [46] , osmotolerant yeast, at least, requires a water activity of 0.6 to grow. Our results are consistent with the findings of Cavia et al. (2004) [47] and Abramovic et al. (2008) [46] , who revealed that water activity is strongly correlated with water content in honey. Water activity in honey can be influenced by several factors such as botanical origin, the temperature in the hive and climate conditions during harvesting. [48] pH and free acidity Stingless bee honeys have a sweet and sour taste than Apis mellifera honey due to their low pH and high free acidity values. It was reported that the free acidity of stingless bee honey ranged ND: Not detected Means with a different capital letters in the same row are significantly difference (p < 0.05) between honeys from different floral origins produced by the same bee species. Different small letters in the same row is significantly difference (p < 0.05) between honeys produced by different bee species from the same floral origin. from 5.9 to 592 meq/kg honey, which is lower than Apis mellifera honey (12.3 to 32.6 meq/kg honey). [49] The pH and free acidity values found in stingless bee honeys ranged from 3.17 to 3.40 and from 64.50 to 207.67 meq/kg of honey, respectively ( Table 2 ). The wide variation in free acidity value might be due to the different floral composition and bee species. All honey samples showed low pH values, and among the tested samples, starfruit honeys had the lowest pH and highest free acidity values for both species. These results suggested that these honeys are better in terms of stability against microbial damage due to low pH. However, Apis mellifera honey exhibits significantly higher pH (3.55) and lower free acidity (38.17 meq/kg honey) values than stingless bee honeys. The main factor determining the acidity of the honey is the organic acids present in the sample. [50] The amount of organic acids in the honey is related to the enzymatic action of glucose-oxidase on glucose, which involves the transformation of glucose into gluconic acid. [50] In addition to that, fermentation also decreases the pH and increases the free acidity in the honey. [8] Jimenez et al. (2016) [45] documented higher pH and lower free acidity value in stingless bee honey produced by Scaptotrigona mexicana species from Mexico; the values were 3.50 to 3.96 and 32.90 to 35.10 meq/kg honey, respectively. This might be caused by the different floral sources, locations, weather and storage conditions. [51] Total soluble solids content (TSS)
The Brix value of the honey samples varied from 60.85 to 72.25 ( (2012) . [6] In contrast, Moo-Huchin et al. (2015) [13] found higher TSS contents (72.80-77.30) in 27 stingless bee honey samples from the Yucatan Peninsula, Mexico. The difference might be caused by the different levels of sugar present in the honey. It has been reported that the Brix value is directly related to the level of sugar in the honey. [42] This means our honey samples had lower sugar contents than the honeys tested by. [13] Honeys with higher sugar contents will exhibit higher Brix values. In addition, the acid and mineral contents also contribute to the total soluble solids in honey. [52] Ash content The ash contents of the honey samples ranged from 0.07 to 0.24 g/100 g of honey (Table 2) for different species of stingless bee, only the gelam-derived honeys showed significantly different (p < 0.05) ash contents. The ash content is influenced by the amount of minerals present in the nectar. [53] Variations in the ash contents of the honey samples might be caused by the different floral sources used by the bees during foraging activity. [43] Honeys from Tetragonula laeviceps and 11 stingless bee species from Thailand presented higher ash contents, 0.26 to 0.04 g/100 of honey [43] and 0.22 to 3.1 g/100 g [12] , respectively.
Colour characteristics
The colours of all the honey samples are depicted in Table 3 . Gelam honey produced by Heterotrigona itama had a significantly lower L* value (73.98) than the other honeys. The colour of a honey sample is greatly influenced by the type of nectar used in honey production [54] and the minerals present. [55] Pollen types, phenolic compounds and 5-hydroxymethylfurfural have also been reported to influence the colour of honey. [56] The honey from a stingless bee from Mexico, Scaptotrigona Mexicana, had an L* value of 15.90, which is lower than those of our stingless bee honeys, indicating the Mexican honey is darker in colour. [45] This could be attributed to the different floral sources, species of bee and location of honey production. a* indicates the degree of red (+a*) or green (-a*). The b* indicate the degree of yellow (+b*) or blue (-b*). The L* indicates the degree of lightness (0 for black until 100 for white). Means with a different capital letters in the same row are significantly different (p < 0.05) between honeys from different floral origins produced by the same bee species. Different small letters in the same row is significantly different (p < 0.05) between honeys produced by different bee species from the same floral origin.
5-hydroxymethyl-2-furfural (5-HMF) content 5-HMF was detected in the gelam honey (0.11 mg/kg) and starfruit honey (0.14 mg/kg) from Heterotrigona itama ( Table 2) . None of the honeys from Geniotrigona thoracica contained any 5-HMF. These results suggested that all honey samples were of good quality. However, no significant differences (p > 0.05) were observed between the 5-HMF contents of the gelam and starfruit honey. Oddo et al. (2008) [24] and Suntiparapap et al. (2012) [43] reported 5-HMF contents ranging from 0.4 to 2.1 g/kg and 0.53 to 0.71 mg/kg of honey for stingless bee honeys collected from Australia and Thailand, respectively. The 5-HMF content increases as the age of the honey increase and under poor storage conditions (such as high temperature). [57] Sugar contents The total sugar/carbohydrate contents ranged from 44.98 to 61.37 g/100 g of honey (Table 4 ). Acacia honey from both species had a significantly (p < 0.05) lower total sugar content than what was found in the other types of honeys. Kajobe (2007) [58] reported that the nectar composition is affected by the floral origin of the nectar, foraging behaviour and environmental factors. In terms of fructose, all tested stingless bee honeys contained higher fructose than glucose except starfruit and acacia from Geniotrigona thoracica. While, Apis mellifera honey demonstrated lower fructose contents than glucose contents. Almeida-Muradian et al. (2007) [59] reported that honeys from the stingless bee species Melipona compressipes and Melipona seminigra merribae had fructose contents that were higher than their glucose contents; their reported fructose contents were 31.61 g/100 g and 29.33 g/100 g of honey, respectively. Sgariglia et al. (2010) [60] also reported that stingless bee honey of Tetragonisca angustula fiebrigi and Plebeiawitmanni from Argentina had higher fructose contents than glucose contents; 39.98-45.05 g/100 g and 22.00-21.82 g/100 g of honey, respectively. De Sousa et al. (2016) [42] reported findings analogous to those of Sgariglia et al. (2010) [60] , in which honeys from different species of stingless bee collected from semiarid regions in north-eastern Brazil had higher fructose contents (50.00-57.60 g/100 g) than glucose contents (38.10-45.70 g/100 g). Sucrose was not detected in all the stingless bee honey samples tested. Whereas Apis mellifera honey (3.86 g/100 g of honey) showed higher sucrose contents than stingless bee honey. Since honey formation is depending on invertase activity to convert sucrose from flower nectar into simple monosaccharides (fructose and glucose), low sucrose contents indicate that sucrose is completely converted into glucose and fructose, and the honey can be labelled as mature honey. [50] Invertase enzymes are produced by hypopharyngeal glands of foraging bees and the amount dependent to the several factors such as age, diet and physiological stage of the bees, the strength of the colony, temperature and abundance of nectar flow. [61] The fructose/glucose ratio (F/G) was measured in this study to determine the crystallization ability of the honey. [62] The F/G ratios of all the tested honey samples varied between 0.83 and 1.37, except for gelam honey (1.56) from Heterotrigona itama, which are lower than ratio found by Oddo et al. (2008) [24] for Australian stingless bee honey (1.42) . According to Dobre et al. (2012) [63] , the crystallization process is slower in honeys with F/G ratios higher than 1.3 and faster if the F/G ratio is less than 1.0. All stingless bee honey except starfruit honey from Geniotrigona thoracica had F/G ratios more than 1, which means they will crystallize slower than the starfruit honey. Other factors that can contribute to honey crystallization include storage temperature, the presence of foreign matter and the viscosity of the honey. [64] Apart from the F/G ratio, glucose/water ratio (G/W) has been reported as an appropriate indicator for the prediction of honey crystallization. [64] Honey crystallization is rapid when the G/W ratio greater than 2.0, and slow or null when the ratio is less 1.70. [65] All stingless bee honey studied showed G/W ratio less than 1.70. This indicted that stingless bee honey will remain in fluid for a longer time than Apis honey which had G/W ratio more than 1.70. 
ND = Not detected; F/G = Fructose/glucose; G/W = Glucose/water
Means with different capital letters in the same row are significantly different (p < 0.05) between honeys from different floral origins produced by the same bee species. Different small letters in the same row is significantly different (p < 0.05) between honeys produced by different bee species from the same floral origin.
Organic acids
The organic acid contents in the six honey samples are shown in Table 5 . In this study, only nine organic acids were analysed in each of the honey samples ( Figure 3 ). However, only four organic acids (gluconic, lactic, acetic and citric acids) were present in all the stingless bee honey samples. Formic and D-malic acids were not detected in the honeys produced by Geniotrigona thoracica from every floral source. Whereas the honeys produced by Heterotrigona itama from every floral source did contain all seven organic acids tested; the exceptions to this were the honeys from gelam, which did not contain formic acid and tartaric, and starfruit, which did not contain formic acid or D-malic acid. Gluconic acid is the main organic acid in all stingless bee honey samples with the mean content ranging from 0.07 to 1.48 g/kg of honey. Honey produced by Heterotrigona itama showed higher amounts of gluconic acid than those from Geniotrigona thoracica. Significant differences (p < 0.05) were observed in the gluconic acid contents (Heterotrigona itama) between honeys derived from different floral sources. For Geniotrigona thoracica species, starfruit honey displayed a significantly lower gluconic acid content than the acacia and gelam honeys. The differences in the gluconic acid contents might be due to the different amounts of glucose and enzymatic activity in the honey samples. As noted, in honey, gluconic acid is synthesised through glucose oxidase activity during the ripening process and is produced by Gluconobacter spp., which is found in the gut of bees. [66] The contents found in this study are lower than those reported by Oddo et al. (2008) [24] who reported 9.90 g/kg gluconic acid in Australian Trigona carbonaria honey. Sancho et al. (2013) [25] reported that Melipona favosa from Venezuela contained 63.60 g gluconic acid/kg honey, which is 43 times greater than the amount of gluconic acid produced by Heterotrigona itama in gelam honey (1.48 g/kg of honey). The wide variation of gluconic acid content between Melipona favosa and Heterotrigona itama might be due to the different amount of glucose and enzymatic activity in both honeys.
The organic acid is a minor component and present in low concentration in honey. Despite being in small amounts, it has an important contribution to organoleptic, physical and chemical properties of honey. [66] Moreover, organic acid content greatly varies according to the botanical origin. [67] Thus, organic acids profile can be a useful component to identify the honey origin. It was selected as variables for principle component analysis (PCA).
Antioxidant analyses
Total phenolic contents (TPC) The total phenolic contents (Table 6 ) of the six stingless bee honey samples varied between 27.33 and 55.86 mg GAE/100 g of honey. Since phenolic compounds are derived from plants, the phenolic contents in honey are greatly affected by the nectar source chosen by the bees and the bee species. [68] In addition to these, there are several other factors that contribute to the phenolic contents such as harvest season, weather and processing conditions. [16, 17] There were significant (p < 0.05) differences in the total phenolic contents among honeys of different floral origins for both species. Acacia honey (55.86 mg GAE/100 g of honey) produced by Geniotrigona thoracica and gelam honey (52.25 mg GAE/100 g of honey) produced by Heterotrigona itama had the highest TPC. When comparing TPC of honeys with the same floral origin produced by different species of stingless bee, only starfruit honey (Geniotrigona thoracica) showed no significant (p > 0.05) differences. Apis mellifera honey had a significantly (p < 0.05) lower TPC than those of acacia and starfruit honeys from Geniotrigona thoracica species and all honey types from Heterotrigona itama species. The differences in TPC content among stingless bee honey from different botanical origins might be related to the nectar composition. The amount and type of phenolic compounds in honey are greatly depend on the botanical origin. [69] The TPC levels in this study are consistent with those reported by Oddo et al. (2008) [24] , who reported the phenolic contents of Australian Trigona carbonaria honey averaged 55.74 mg GAE/ 100 g of honey. Conversely, the TPC found in this study are much lower than those of Tanzanian Table 5 . Organic acids concentration (g/kg of honey) of stingless bee honey from different floral origins.
Parameters
Geniotrigona thoracica
Apis mellifera
Heterotrigona itama Means with a different capital letters in the same row are significantly different (p < 0.05) between honeys from different floral origins produced by the same bee species. Different small letters in the same row is significantly different (p < 0.05) between honeys produced by different bee species from the same floral origin.
stingless bee honeys from Melipona species (847.60 mg GAE/100 g) reported by Muruke (2014) [14] and those reported by Da Silva et al. (2013) [70] in nine samples of Melipona subtinida honey (110 to 130 mg GAE/100 g). On the other hand, Mendonca et al. (2007) [71] reported much lower TPCs in Brazilian Melipona subnitida honey (0.60 mg GAE/100 g of honey) than were found in our study. In Means with a different capital letters in the same row are significantly different (p < 0.05) between honeys from different floral origins produced by the same bee species. Different small letters in the same row is significantly different (p < 0.05) between honeys produced by different bee species from the same floral origin.
another study, Duarte et al. (2012) [72] reported a wide range of phenolic contents in honeys from four species of stingless bee in north-eastern Brazil (39.30 to 106.01 mg GAE/100 g). The differences in the phenolic contents of different types of honey are largely related to the floral origin of the honey. [16, 34] Moreover, the constituents of the floral source are influenced by the type of the nectar and pollen used by bees, the geographical origins and the species of the honey-producing bee. [30, 44, 73] Total flavonoids content (TFC) The total flavonoids contents ( Table 6 ) of all the tested stingless bee honey samples were lower than the phenolic contents with values ranging from 2.38 to 9.31 mg QE/100 g of honey. The starfruit honeys from both species had the highest TFC values. Apis mellifera honey (1.40 mg QE/100 g of honey) showed a significantly (p < 0.05) lower TFC value than all the stingless bee honeys from both species. All honey samples collected from different species and with different floral origins showed significantly different (p < 0.05) flavonoids contents. The TFC values found in this study are lower than those of Trigona carbonaria honey (10.02 mg QE/100 g of honey) from Australia reported by Oddo et al. (2008) [24] and higher than that of stingless bee honey from the Brazilian Amazon as revealed by Mendonca et al. (2007) [70] (1.7 mg QE/100 g of honey). On the other hand, Duarte et al. (2012) [71] reported higher levels of flavonoids in honey from M. scutellaris (7.94-29.51 mg QE/100 g of honey) than were found in the honeys tested in this study. Similar to the phenolic contents, the variations in the flavonoids contents of the honey samples may be due to the different botanical and geographical origins of the nectars used by the bees. [74, 75] According to Khalil et al. (2012) [76] , flavonoids are low-molecular-weight phenolic compounds that are responsible for the aroma and antioxidant activity of honey.
Antiradical scavenging activity (IC 50 )
The IC 50 graph of all honey samples studied is illustrated in Figure 4 . Among the Malaysian stingless bee honeys evaluated, gelam and starfruit honeys produced by Heterotrigona itama had the lowest IC 50 value (32.58 mg/mL) and the highest IC 50 value (105.53 mg/mL), respectively (Table 6 ). This indicates that gelam honey has high antioxidant activity. The variations in the IC 50 values of the honeys might be due to the differences in the phenolic contents and different types of phenolic compounds present [15] since each phenolic acid has different scavenging activity. [73, 77] All tested stingless bee honeys showed IC 50 values lower than those of Apis mellifera honey (83.28 mg/mL) except for the acacia honey (97.24 mg/mL) from Geniotrigona thoracica and the starfruit honeys from both species. Significant differences (p < 0.05) amongst different floral types were only observed for honeys produced by Heterotrigona itama. When comparing honeys of the same floral origin from different species, significant differences (p < 0.05) were observed for all origins except the starfruit honey samples. Honeys with lower IC 50 values had higher antiradical activities than honeys with higher IC 50 values. [69] Da Silva et al. (2013) [70] reported low IC 50 values for honey from Melipona subtinida from Brazil (10.60 to 12.90 mg/mL). In another study, Muruke (2014) [14] also reported lower IC 50 [71] reported that Melipona subtinida honey had much lower IC 50 values (0.006 mg/mL) that were found in our study.
Ferric reducing antioxidant power (FRAP assay)
The FRAP values of all tested stingless bee honey samples varied from 53.80 to 163.80 µmol FeSO 4 7H 2 O/100 g of honey ( Table 6 ). The highest FRAP value was exhibited by gelam honey from Heterotrigona itama and the lowest FRAP value was shown by acacia honey from Geniotrigona thoracica. Apis mellifera honeys had significantly (p < 0.05) lower FRAP values than all stingless bee honey tested. All stingless bee honey samples from different floral sources and different species had significantly different (p < 0.05) FRAP values. This might be caused by the different concentrations of phenolic compounds and flavonoids in the honey. [78] Moreover, the types of phenolic acids and flavonoids present in the honey can influence the FRAP value, and honeys from different botanical origins have dissimilar profiles of phenolic and flavonoid compounds. [40] Pearson's correlation Significant positive correlation coefficients were observed between the IC 50 value and the L* colour parameter and significant negative correlation between the FRAP value and the L* colour parameter (0.754 and −0.749, respectively) ( Table 7) . This indicates that the substances which give colour to honey (phenolics, flavonoids, minerals, 5-HMF and products of Maillard reaction) influence the antioxidant activity. A significant negative correlation was observed between the FRAP value and the IC 50 value (−0.800). However, there is no significant correlation between either the TPC (−0.144) or the TFC (0.036) with the colour of the honey. This means the colour is not influenced by the TPC or TFC in Malaysian stingless bee honey as reported in many previous studies on honeybee honey (Apis mellifera) [69, 79] , which found that dark honeys contained high phenolic and flavonoid contents. No significant correlation was found between the IC 50 and either the TPC (−0.154) or the TFC (0.176), indicating that the antioxidant activity is not solely dependent on the total phenolics and flavonoids content. The presence of other compounds such as Maillard reaction products, organic acids, amino acids, protein and ascorbic acid which also have antioxidant properties might contributed to the antioxidant activity via synergistic interaction with phenolic and flavonoid compounds in honey. Ahmed et al. (2014) [51] and Idris et al. (2011) [15] also found results similar to those reported here. Ash and 5-HMF content did not show any significant correlations with the colour L*, TPC, TFC, IC 50 and FRAP parameters. There are no data on the correlation of ash content with colour and antioxidant properties available in the literature. Thus, no comparison was performed.
Multivariate analysis
Principle component analysis (PCA)
The PCA was performed to classify honey based on organic acids concentration ( Figure 5 ). Two principal components with eigenvalue more than 1 were extracted to determine the best parameters to classify honey samples. The first principal component (PC1) and second principal component (PC2) represented 61.20% and 18.10% of the variance, respectively. The PC1 was strongly correlated with the concentration of acetic, citric, D-malic and tartaric acids. The PC2 was mainly associated with gluconic and succinic acid. The cumulative variance for both principal components was 79.30%. Based on PC1, it can be observed that Apis mellifera honey was located alone at positive score of PC1 and well separated from the stingless bee honey samples. This means Apis mellifera honey had significantly different in concentration of organic acids than stingless bee honeys. This suggested that organic acids content (acetic, citric, tartaric and D-malic) contributed to the separation between stingless bee honey samples and Apis mellifera honey. According to PC2, honey from Heterotrigona itama (HI) clearly separated from Geniotrigona thoracica (HT) honey, regardless of the floral source involved. This can be explained by the higher content of gluconic and succinic acids present in HI honey than HT honey samples (Figure 5c ). PC2 also explains the separation of the honey produce Table 7 . Pearson's Correlation coefficients (r) analysis among total phenolic contents, total flavonoids content, antiradical scavenging activity (IC 50 ), ferric reducing antioxidant power (FRAP), colour, ash and HMF content of stingless bee honey. Figure 5 . Score plot for PC1 versus PC2 (a); loading plot for PC1 versus PC2 (b); biplot for PC1 versus PC2 (c). = Heterotrigona itama (HI); = Geniotrigona thoracica (HT); = Apis mellifera. from different botanical origins, regardless of the bee species involved. Gelam and acacia honey were well separated from starfruit honey. This separation could be related to the lower values of lactic acid in starfruit honey when compared to the gelam and acacia honeys. This result suggested that organic acid content in stingless bee honey can be a useful parameter in classifying honey based on botanical origin and bee species.
Conclusion
The physicochemical characteristics, antioxidant properties and organic acids content of Malaysian stingless bee honeys from Heterotrigona itama and Geniotrigona thoracica were measured, and the findings indicated that the physicochemical characteristics, organic acids content and antioxidant properties in the honeys are greatly dependent on the botanical origin and bee species. The findings also proved that the physicochemical characteristics, organic acids content and antioxidant properties of stingless bee honey are significantly different than those of Apis mellifera honey (honeybee honey). Based on the IC 50 value, gelam honey produced by Heterotrigona itama is a better potential source of antioxidant than honeys from acacia and starfruit from either of the studies species. PCA was able to discriminate among honey samples from different botanical origins and from the same botanical origin but produced by different stingless bee species as well. However, a wider study with a significant number of samples must be carried out to obtain more insights about the effect of botanical origin and bee species on the parameters studied. The results demonstrated that organic acids content can be used as a marker for determination of Malaysian stingless bee honey botanical origin as well as producing bee species. 
